US009852714B2

12 United States Patent 10) Patent No.: US 9.852.714 B2

Samson 45) Date of Patent: *Dec. 26, 2017
(54) ENERGY CONSERVATION IN A (56) References Cited
CONTROLLER USING DYNAMIC -

5,953,020 A 9/1999 Wang et al.
7,634,668 B2 12/2009 White et al.

(Continued)

(71) Applicant: Intel Corporation, Santa Clara, CA
(US)

(72) Inventor: Eric C. Samson, Folsom, CA (US) FOREIGN PATENT DOCUMENTS

(73) Assignee: Intel Corporation, Santa Clara, CA CN 1666166 A 9/2005
(US) WO 2013/101829 Al 7/2013
(*) Notice: Subject to any disclaimer, the term of this OTHER PURI ICATIONS
patent 1s extended or adjusted under 35
U.S.C. 154(b) by 83 days. International Preliminary Report on Patentability recerved for PCT

This patent iq subject to a terminal dis- Application No. PCT/US2012/071653, dated Jul. 10, 2014, 7 pages.
claimer. (Continued)

(21)  Appl. No.: 14/747,682 Primary Examiner — Nitin Patel

Assistant Examiner — Danny Chan

(22) Filed: Jun. 23, 2015 _
(74) Attorney, Agent, or Firm — Jordan IP Law, LLC

(65) Prior Publication Data

US 2015/0294648 A1 Oct. 15, 2015 (57) ABSTRACT

o Systems and methods of adjusting a frequency of a graphics
Related U.S. Application Data controller may 1nclude a logic to determine a metric asso-

(63) Continuation of application No. 13/340,129, filed on  clated with an mput/output (I/O) queue. The metric may be

Dec. 29, 2011. used to determine whether an I/O limited condition exists.

The I/O limited condition may be associated with a graphics

(51) Int. CL controller. There may be a logic to cause a frequency of the
G09G 5/18 (2006.01) graphics controller to be decreased when the I/O limited
GO6F 1/32 (2006.01) condition exists, and a logic to cause the frequency of the
G09G 5/36 (2006.01) graphics controller to be increased when the I/O limited

(52) U.S. CL condition does not exist. The I/O limited condition may exist
CPC oo G09G 5/18 (2013.01); GO9G 5/363 ~ When a magnitude of the metric 1s equal to or greater than

(2013.01); GO6F 1/324 (2013.01); a first threshold. The I/O limited condition may not exist
when the magnitude of the metric 1s equal to or less than a

(Continued) 4 threchold
: : : secon eshold.
(58) Field of Classification Search
None
See application file for complete search history. 20 Claims, 6 Drawing Sheets
600
L
— Evaluate /O metric 605
/“‘ﬂa
" Magnitude hN
<\\_\than high threshnid’?ﬁ
— 810 -
Decrease frequency of graphics
controller 615
"'ﬁ"--;\_
Magnitude lower
~._ 820

- than low threshold?
| No -~

-H“-H""-..

ﬁs

‘ Increase frequency of graphics
controtier 625




US 9,852,714 B2
Page 2

(52) U.S. CL 2010/0274938 Al  10/2010 Anand et al.

CPC ... G09G 2310/08 (2013.01); GO9G 2330/021  5o1aoocenrt &0 Jiagil Bouvierctal

(2013.01); GO9G 2360/02 (2013.01); GO9G 2014/0002467 A1 1/2014 Linda
2360/12 (2013.01)

(56) References Cited OTHER PUBLICATTIONS

U.S PATENT DOCUMENTS Supplementary European Search Report for European Patent Appli-

cation No. 12862668.6, dated Jun. 1, 2015, 7 pages.
International Preliminary Report on Patentability and Written Opin-

;;ﬁgggf’;‘ bl paoll Sben ctal ion received for PCT Patent Application No. PCT/US2012/071653,
8,193,831 Bl  6/2012 Kadosh et al. dated Jul. 10, 2014, 7 pages.
8,250,394 B2 8/2012 Agrawal Office Action received for U.S. Appl. No. 13/539,414, dated Nov.
8,335,941 B2 12/2012 Chang et al. 10, 2014, 12 pages.
2001/0011356 Al 8/2001 Lee et al. Oflice Action recerved for U.S. Appl. No. 13/539,414, dated Jul. 16,
2001/0029556 A1  10/2001 Priem et al. 2014, 16 pages.
2002/0099964 Al 7/2002 Zdravkovic International Search Report and Written Opinion received for PCT
2002/0169990 Al 11/2002 Sherburne, Jr. Patent Application No. PCT/US2012/071653 dated Apr. 29, 2013.
2003/0007394 Ai‘ 172003 Phi et al Hurd, “Programmable Power Performance Optimization for Graph-
2003/0115428 Al 6/2003 Zaccarin et al. - »»
2003/0210047 Al 112003 Cui ot al ics Cores”, U.S. Appl* Noi 13/539,414, ﬁle_d Jun. 30,2012, 47 pages.
2005/0289377 Al 12/2005 Luong et al. Furopean Communication pursuant to Article 94(3) EPC, for Appli-
2006/0161799 Al 7/2006 Degenhardt cation No. 12 862 668.6 1094, dated Jan. 26, 2016, 6 pages.
2006/0259804 Al  11/2006 Fry Office Action for European Patent Application No. 12862668.6,
2007/0206683 Al  9/2007 Lin dated Dec. 23, 2016, 6 pages.
2008/0235364 Al 9/2008 Gorbatov et al. Texas Instruments, “Green-Mode Flyback Controller”, Jan. 1, 2009,
2010/0218029 Al 8/2010 Floyd et al. farnell.com/datasheets/ 1535775 .pdf, 39 pages.



U.S. Patent Dec. 26,2017 Sheet 1 of 6 US 9.852.714 B2

100

CPU
109

107

-/

. Graphics and Memory
Display Controlier Hubs Memory

Devices Devices
120 (GMCH) 115

110

122

-/

/O
Controller Hub
(ICH)

125

170
Devices
130

Power Supply
150

FIG. 1



U.S. Patent Dec. 26,2017 Sheet 2 of 6 US 9.852.714 B2

200

Graphics FQGQQénCy

Controller ﬁgl;lgn
2 210

/O Controller /O Limiting

215 Detector
- 220

10 Queue /O Limiting Logic
230 Generator
o 225

FIG. 2




US 9,852,714 B2

Sheet 3 of 6

Dec. 26, 2017

U.S. Patent

&

LS

\\\\\\\
OLE Ddued4

G
ol |
A bt 0}
_ | 0€¢
_ | {OUIBAL O
_ |
_ |
|
0S €S ¢S 1S 0S
Gi¢ Alepunog 9jels
g0¢ Adepunog cOE Qe
a4
00¢



¥ Old

US 9,852,714 B2

Gev
& 9} Gl 74} ot |

Aousnbauy Aouanbay
dn UMOP
1abbu] 1abbu |

%

.ﬁr_...
&

Sheet 4 of 6

sz L ozy
| Jnoswi} dN

0t
R O]

Dec. 26, 2017

ploysaiy} umoQ

00V

U.S. Patent
4



US 9,852,714 B2

. L M-W i...“n %. .“ r"__u. . & i
” ,mm”m_ Friisk R2 5 1500 8T R IS | o
I G 0 SN W s . T ..mm.“w.h_...:..,
r u R A R .r_“..mtu
hl -.F..l .I.I

.
o
(4

¥
)
o
ok
£

I‘:—' w "
K,
"
“
-~
o

o
.
e
D
._.:.,'_-._r-
s,
watar

ETEE s i b § 0C4

3 Iy | 3 > T 5

HEk wrg : 2 poiiad Jnoawi |
R T T e % 3 ninghsae s 3 |
§ooahaEnRARg SR PRSI :

“_..
.-:. Lol ]
| | m |
4 W W M B M N N N M N N N N N M N N N N N M N N R N N M N MoEM - LR L L L L L L L N UL L L L L L L e h L L L L LN L L L L L L L L
. ' .
G p bbb b bbb b b bk b bk b b b b bk b Rk R m w m T T T T LR 1.-_-1.-_t.-.t.-_-1.-_t.-.t.-_-1.-_t.-.t.-_-1.-_t.-.t.-_-1.-_t.-.t.-_-1.-_t.-.t.-_-1.-_t.-.t.-.!.-.t.-.t.-.!.-.t.-.t.-.!.—.t.—.t.-.!...

l‘*"f

-, n .rw A .__...-1.I.1.-.. o ““._.nn.._.ll.l._- .-..r.rln. e

- e koA B - - R F +

..................... ﬂ ot .-.u i I LN

2 K L .-..n.-. w___.t ...-.r ._.I.-l.-.1 ..._:.. ' _ .__.._. ...!u

] 3 "R 1 . [ 3 v 0k |

- - - - - - - - - - - - - - - - - - - - - - - Fa ] - - - - - - - - - - - - - T Y - - - - - - - - - - - - - - - - - - - - - - F T S A 9 bl 1Il| '-.1 ll- ‘I l.' -Il T-.h
B S S o T L B I T I I T R A L L D I I T e ey Ty e i Sy Sy AR e

r l._l..l._-..l..l._l._l. .-..l.-l..-..l..-._l. . .-..l..l.-l..-._l..l._-..l._l..-._l..l._-..l.-l..l._l..l. .l.-l..-._l..-. -..l.-l..-._l..l._-..l.-l..-._l..l._-..l.-l..-._l..l._-..l. .-._l..l._-..l.-l..-._l..l._-..l.-l..-._l..l._-..l.-l..-._l..l._-..l.-l. l.l..l._-..l.-l..-._l..l._-..l.-l..-._l..l._ -l..-._l..l._-..l.-l..-._l..l._-..l.-l..-._l..l._-..l.-l..-._l..l._ l.-l..-._l..l. -..l.-l..-._l..l._-..l.-l..-.

Sheet 5 of 6

. . Ry . . -
=St YREEE |
k L L L * | | | ] .
] .__”. H.-.“ L o “.I“. .--|I--.“__h L ) -.h... . .
L] ) - [ .
L r &
L] o &
L T & .
k L L . P . .
| ] LC] COF I | 1. a1 a & & & & & & &
; .. - LRI “ SRR
} .__”. Ht“ A o .__Tl., = .u___.t._r..r.. -_”. - ) ."_
h e o -_.__..,u.&"i.u- : wTn
" “.-.” ._.”.._ . ’ wl.u_
] Lt : b
k i‘- ._..'.' . H‘ &
" “.-.- ._.”.._ ! '
| ] T & . :
k »on -
¥ . T __.___Hu_
\ i.-.- ._.i... . ot E ]
] .__”- ._..-.“ -—....—....-.“Iu%-..._ v —_.-.. !
: ¥ . i) .._ :
o> 5oatw I
I U ) B :
1“ ”..__u_..r-.lql.-.“..__ o ..._”-__. [} I.I_-.

L
-
L]

L}
-
+*
]

T
T
+
e
T
T
T
&+

L |
‘-
*
N
"u
-
.-I
e w
L L}
= &
.1‘1.I
f"
-
.
-
A
ettt e et
b P
- I-"ll ]
= 1
[
LN A
LU PN N )
r b'b'b‘b"b.lr"b‘b
-
T
L
“
]
L
+ i-
r l-‘I
r L]
L]

- .
- X - .H
' L | L LN : ' nt . 1 o
I-.. * - [ LI | .rh.-..- .-.|.._. .__ .-._...-..___...!.__ 4 & = 4 4 - dr k- 4 0 &
i L) . [ . -_ .___l_ L i I L I R R Y oy - 1
.-_..__ Ll * - * : - N RN A ) [ ] L N S ] '
o Iu... I- . il :. .-l.l.-_‘._- '.._._..-. | ] ._..i- .Il..-. ra - LN .._-| .'.__.ri..
P ' h ' T a r ' n '
' ] '] I atmy a'aa :Il.t R ok .l.l-u *F .k F u AL AN llhu%.. R N
. - » . yoa . Pl ra ™ [ ¥y - - - . . - -
- [ ] L] r Tl . [ | »
M P L . . e . e e e e e e e e e e e e e e e e a a B e e e e e e e e e e e e o e e e e e e e e e e e e e e e e e e e e e e e e e e e e o e e e e e e e e e e e . e o | R T T T e e e e e e e oL 1 ] r
'
..EEEEEEEEEEEEEEEEEEEEEEHH.!..H.l?l!\Flll??l??ll?l?\l?llPI?FI??!lPI?FI?FI:.:..__.:..-..-..-.:..-.:.:..__.:.:..__.:.:..__.:.:.l.:.:..__.:.:..__.:.:..__.:.:..__.:.:..__.:.:..__.:.:..__.:.:..__.:.:..__.:.:..__.:.:..__.:.:.:.:.:.:.:.:.:.:.:.l.u..:.:.:.:.l..-.__..-.:.:..__.:.:..__.:.:..__.:.:..__.:.:..__.:.PI?FI?FIlPI?FI?FIlPI?FI?FIlPI?FI?FIlPI?FIFPF?PEI?FI?PI?FIﬁFI?PI?FI?FI?PF
I R i
PN B ..........I_I......i... in.r-l_...ni. . .-.'..
N Y] N R ' i r
[} ._.l vl - * '
alfn el el il sl el il el il e e el el el el el el el sl il e el e el el el el ol el e el el il il il il il il il ol el - . . . .o . . I - -
.... l.l .l .l .l .l .l .l .l .l .l .l .l .l .l .l .l .l .l .l .l .l .l .l .l .l .l .l .l .l .l .l .l .l .l e s - .l .l .l .l .l ; .l ..-.. ...... e e e T o w T w o w w w w ww wow wow ..-. M ey ey ey w T T TR T TTTTT R TTRT SRR RCCT TR T T TR TR TT TR YT SRCTSTTTELTLLT LT |. g e e e i .r T N i Yo o e e e e e e e s e T e e e e T e e e e T e e s Vo o e Ve e P i} r ' - = a II ' . .li .I ‘ . .'.a - l.l . f.I . I'I-.l
. a wy I ' r
§ ......_J.l .n-. .Il v. .lt...
' Y .. W r e
) ut > ._._ .-.-. ..__ iy o qt..__ L)
[ Fa "t .1- 1I_l. 1 ' [ . ﬂ [}

r
L
r
L
X
r
r
L
-
.

Y
.

.._._..”-ﬂ.. , -.ﬂL_n. ﬂ-.w___.ui -. _q...__b...-_.-n.._r r o .........__.._. * » ...:.a.._ : L A M 3
0 IHOUESIY i

ke . ..t.. L - . )
) Tay q i e
- ' r e atac IH-
J_.-_. . . . -I.Illil.l..ll.l..l. ' T P it

._.
a I | | I B B R ) -
» & .
L]

*T
.
s

. - (e

Dec. 26, 2017
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
.
Il'l‘
T

Wt
"y
.
o’
x
N
-i
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
r
. B
.'.1I
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
T
[ ]
'f-'.i

. . .
N rd x - ! ! [ - x N o x . ¥ 4 - ' [ " PO by SRy , . . i 1 r.
-.-L -I._. .l-_ - %.. ...“ " k Ty ' ...l; .ﬁ..._ l-_ - .r!.. 1.-_-_ .-_:. ._..-.h .__.-.. ._..-..__ [y -l ' -_-. __._.. u. l.-.u-.. - v ' a . .__I. q.-.... ..-...
w4 » o . b . w4 [l o = [} R > W - =l ' ) e W wr ¥ T
v " e . "4 - ¥ V. ) v e T D x " e . ' e it i et ! K ) ' . S'h
a - » . :I__ ' ' ) Dl N NN r noE o - T 5 f '] -y - - ' n . r oy o
] * R . ¥ . o d [l R T S ™ il - R P - [ b aax g d o il » 'l
o o e X g . X e ) ' X o S 3 o A >, " . N ey g AT T ' " . L oy L
a - » . :I__ ' ' [ iy ' [ T - ) e N A | .l%ll. ' " . » ey o
¥ > Ve . ¥ . K4 » . i » : P [ gl T on . o » e
[ S} - nF . ' ' ¥ ] - r - - - . ' - i 2 ] ' " . ] roa -
...-L -.-_._. ..-_i. - " k vl ' _1-.L .I.. i o K o A Tl .__.-.. ._..-..__ .-l. " L .__...._ " ' “ . .__I1 q.-..... ..-....
U » e . - ¥ “ rd » aa s LA AL RN o - o ' " r i » T
a Pl - . :I__. . ' ' % iy AT . " P L - T . '] vy ' a . » rid o
:.IL -ia. . l‘ . " X W ! T-.L --a l‘ #'“".’ Iﬁ l...ll"-.l.l : .rJI. i‘- ._..'.__ .Il. f-. __.'- r ' ' 4I1 q.'.;. ..'l.
. » ) . - ¥ . Ll » » T " e o - o [ ._ r ol » ']
[ Sl - n . ' ' r ] - . e e T ] . - . ' ] sty ' " . ] A s
._.-.L S ! * b . K g ' ...!.L L .r'. oo ...-_:. .__.-.- ._..-..._ .Il. —_-. o] " ' h .__I1 M .-_...
P a2 1’ ] ] 1] 2 [l 2 : » 1. ] a b 2 .1 L : 1 1 ] .

006G [eAI9]U]

U.S. Patent



U.S. Patent Dec. 26,2017 Sheet 6 of 6 US 9,852,714 B2

600

> Evaluate I/O metric 605

Magnitude higher No
than high threshold?
610

Yes
Y

Decrease frequency of graphics
controller 615

Magnitude lower
< than low threshold?
No 620

v Yes

Increase frequency of graphics
- controller 625

FIG. 6



US 9,852,714 B2

1

ENERGY CONSERVATION IN A
CONTROLLER USING DYNAMIC
FREQUENCY SELECTION

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims the benefit of priority to

U.S. Non-Provisional patent application Ser. No. 13/340,129
filed Dec. 29, 2011.

BACKGROUND

A graphics workload may exhibit diverse behaviors dur-
ing a course of a frame draw, wherein processing different
parts of a frame may be limited by diferent factors. For
example, the processing of one part of the frame may be
limited by available resources 1nside a graphics controller,
while the processing of another part of the frame may be
limited by input/output (I/O) bandwidth.

BRIEF DESCRIPTION OF THE DRAWINGS

The various advantages of the embodiments of the present
invention will become apparent to one skilled 1n the art by
reading the following specification and appended claims,
and by referencing the following drawings, 1n which:

FIG. 1 1s a block diagram that illustrates an example
computer system, 1n accordance with some embodiments;

FIG. 2 1s a block diagram that illustrates an example
graphics system, in accordance with some embodiments;

FIG. 3 1s a diagram that illustrates example graphic
frames, 1n accordance with some embodiments:

FI1G. 4 1s a diagram that illustrates thresholds that may be
used with an mput/output (I/0) metric, 1n accordance with
some embodiments;

FIG. 5 1s a block diagram that 1llustrates an example I/O
metric and timeout periods, in accordance with some
embodiments; and

FIG. 6 1s a flowchart of an example method of adjusting
the frequency ol a graphics controller based on an I/O
limited condition, 1n accordance with some embodiments.

DETAILED DESCRIPTION

Embodiments may involve an apparatus which may
include logic to determine a metric associated with an
input/output (I/0) queue. The metric may be used to deter-
mine whether an I/O limited condition exists, wherein the
[/O limited condition may be associated with a graphics
controller. There may be logic to cause a frequency of the
graphics controller to be decreased when the I/O limited
condition exists, and logic to cause the frequency of the
graphics controller to be increased when the I/O limited
condition does not exist.

Embodiments may imnvolve a system which may include a
processor and a graphics controller coupled to the processor.
The graphics controller may be configured to operate at a
decreased frequency based on being input/output (I/0) lim-
ited and at an increased frequency based on not being I/0
limited. An I/O limited condition may exist when a magni-
tude of a metric associated with an I/O queue 1s at or greater
than a first threshold. The I/O limited condition may not
exist when the magnitude of the metric 1s at or less than a
second threshold.

Embodiments may involve a computer implemented
method which may include determining a metric associated

10

15

20

25

30

35

40

45

50

55

60

65

2

with an mput/output (I/0) queue. A magnitude of the metric
may be high when the I/O queue 1s full and low when the I/O
queue 1s not full, wherein the I/O queue may be associated
with a graphics controller. The method may also include
decreasing a frequency of the graphics controller when the
magnitude of the metric 1s at or greater than a first threshold,
and 1ncreasing the frequency of the graphics controller when
the magnitude of the metric 1s at or less than a second
threshold. The second threshold may be associated with a
value less than a value associated with the first threshold.

Embodiments may involve a system which may include a
processor, an external power supply coupled to the proces-
sor, and a graphics controller coupled to the processor. The
system may include logic to decrease a frequency of the
graphics controller based on being input/output (I/O) limited
and increase the frequency based on not being I/O limited.
An I/0O limited condition may exist when a magnitude of a
metric associated with an I/O queue 1s at or greater than a
first threshold. The I/O limited condition may not exist when
the magnitude of the metric 1s at or less than a second
threshold.

Turning to FIG. 1, a block diagram that illustrates an
example computer system 100 1s shown, 1n accordance with
some embodiments. The computer system 100 may include
a central processing umt (CPU) 103, a graphics and memory
controller hub (GMCH) 110, and an input/output controller
hub (ICH) 125. The GMCH 110 may be coupled to the CPU
105 via bus 107. The ICH 125 may be coupled to the GMCH
110 via bus 122. The GMCH 110 may also be coupled to
memory devices 115 and display devices 120. The ICH 125
may be coupled to I/O devices 130. The GMCH 110 may
include a graphics system 200 (shown in FIG. 2). Although
the CPU 105, the GMCH 110 and the ICH 1235 may be
illustrated as separate components, the functions of two or
more ol these components may be combined. A power
supply 150 may be used to provide power to the computer
system 100. The power supply 150 may be a battery or an
external power source. The computer system 100 may also
include many other components; however, for simplicity,
they are not shown.

Turming to FIG. 2, a block diagram that illustrates an
example graphics system 200 1s shown, 1n accordance with
some embodiments. The graphics system 200 may include a
graphics controller 205, frequency decision logic 210,
graphics I/O controller 215, I/O limiting detector 220, I/0
limiting logic generator, and I/O queue 230.

The I/O queue 230 may be configured to store graphics
I/O requests so that they may be managed by the graphics
I/O controller 215. Since the graphics controller 205 may
operate at much faster speed than the graphics 1/0 controller
215, the graphics controller 205 may be able to make many
more I/0 requests than the graphics I/O controller 215 may
be capable of handling those requests. As a result, the
graphics controller 205 may have to wait until the 1/0
requests are serviced. This condition may be referred to as
being I/O limited. In general, when the I/O queue 230 1s full,
the graphics controller 205 may be I/O limited. When the I/O
queue 230 1s not tull, the graphics controller 205 may not be
I/O limaited.

The graphics controller 205 may be operating at a base
frequency. For some embodiments, when the I/O limited
condition exists, the frequency of the graphics controller 205
may be decreased to a lower frequency because there may
not be any performance advantage for the graphics control-
ler 205 to stay at the base frequency. Reducing the frequency
of the graphics controller 205 when the 1/0 limited condition
exists may be advantageous because it may enable reducing
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power consumption of the graphics controller 205 relative to
the power consumption at the base frequency.

The I/O limiting logic generator 225 may be coupled to
the graphics I/O controller 215 and the I/O queue 230. For
some embodiments, the I/O limiting logic generator 225
may be configured to monitor an I/O metric that may be used
to detect whether an I/O limited condition may exist. A
magnitude of the I/O metric may vary depending on the
status of the I/O queue 230. For example, the magnitude of
the I/O metric may be based on the processing of the I/O
requests 1n the I/O queue 230 by the graphics 1/O controller
215. The magnitude of the I/O metric may be high when the
I/O limited condition may exist for an extended period of
time.

The I/O limiting logic generator 225 may be configured to
generate a first signal and transmit the first signal to the I/O
limiting detector 220 when the I/O limited condition exists.
The first signal may cause the frequency of the graphics
controller 205 to be decreased. For some embodiments, the
I/O limiting logic generator 225 may also be configured to
generate and transmit a second signal to the I/O limiting
detector 220 when the I/O limited condition may no longer
exist. The second signal may cause the frequency of the
graphics controller 205 to be increased.

The /O lmmiting detector 220 may be configured to
determine whether an I/O limited condition exists beyond a
threshold. It may be anticipated that when the I/O limited
condition exists beyond the threshold, 1t may continue to
exist for an extended period of time. When the threshold 1s
met or exceeded, the I/O limiting detector 220 may generate
a signal which may cause the frequency decision logic 210
to perform operations to throttle the frequency of the graph-
ics controller 205. The frequency decision logic 210 may be
coupled to a phase lock loop (PLL) (not shown) which may
be configured to provide the frequency used by the graphics
controller 205.

Turning to FIG. 3, a diagram 300 that illustrates two
example frames 1s shown, in accordance with some embodi-
ments. The diagram 300 may include frames 305 and 310
separated by frame boundary 308. Each of the frames 305
and 310 may be broken up into the same number of phases
or states. For example, the frame 305 may include states S0,
S1, S2 and S3 separated from one another by a state
boundary. For example, the illustrated states S0 and S1 of
the frame 305 are separated by state boundary 315. Each of
the states SO0, S1, S2 and S3 may be associated with a
different duration. A line (not shown) may represent the base
frequency of the graphics controller 205. Curve 330 may
represent the I/O metric at any particular instance while the
frames 305 and 310 and their states are being processed by
the graphics controller 205. Line 335 may represent a time
line.

In general, the I/O limited condition may tend to be bursty
with a burst lasting about 1 millisecond (ms) in duration. As
a comparison, a frame may generally last between 16 ms to
20 ms. In the current example, at time t0, the I/O metric 330
may 1ndicate that the graphics controller 205 may be par-
tially I/O limited. At time t1, the I/O metric 330 may indicate
that the graphics controller 205 may be fully IO limited and
may benelit from operating at a low frequency (e.g., a
frequency that 1s lower than the base frequency). At time 2,
the I/O metric 330 may indicate that the graphics controller
205 may be least likely to be I/O limited and may benefit
from operating at a higher frequency (e.g., a frequency that
1s closer to or at the base frequency). At time t3, the I/O
metric 330 may indicate that the graphics controller 205 may
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not be IO limited, and therefore it may be acceptable for the
graphics controller 205 to operate at the base frequency.

It may be noted that the magnitude of the I/O metric 330
may vary at any particular time within the same state. For
example, it may be possible to have the situations described
at the times t1 and t2 occurring within the same state (e.g.,
state S2). As such, 1t may be possible to decrease the
frequency of the graphics controller 205 from the base
frequency and then increase the frequency of the graphics
controller 205 within the same state (e.g., state S2). For
some embodiments, the evaluation of the magnitude of the
I/O metric 330 may be independent of the frame boundary
308 and the state boundary 315. Thus, i1 the immediate past
indicates that the graphics controller 205 1s I/O limited or 1f
the current instantaneous status indicates that the graphics
controller 205 1s I/O limited, then the frequency of the
graphics controller 205 may be reduced instantaneously
without having to be aware of which frame 1s currently being
processed by the graphics controller 205. The technique of
changing of the frequency of the graphics controller 205
during workload execution using the dynamic information
from the I/O metric 330 may be referred to as a dynamic
frequency limiter (DFL) technique.

Turning to FIG. 4, a diagram 400 that 1llustrates thresh-
olds that may be used with the I/O metric 1s shown, 1n
accordance with some embodiments. The diagram 400 may
include an I/O metric 430, an up threshold 405 and a down
threshold 410. The up threshold 405 may be associated with
an interrupt that may be triggered based on the I/O metric
430 being at or above the up threshold 405. Similarly, the
down threshold 410 may be associated with an interrupt that
may be triggered based on the I/O metric 430 being at or
below the down threshold 410. For some embodiments, the
I/O metrics 430 may be considered to be 1n an acceptable
range when 1ts magnitude 1s between the up threshold 4035
and the down threshold 410.

For some embodiments, instead of immediately reducing
a frequency of a graphics controller as soon as an I/O metric
reaches or goes above an up threshold (e.g., the time period
between t4 and t5), a short delay may be necessary to
confirm that the I/O metric continues to exceed the up
threshold long enough to justily the decrease of the fre-
quency of the graphics controller. For example, at time t4,
the I/O metric 430 may start to exceed the up threshold 405
which can indicate that the I/O limited condition may exist.
A delay or up timeout 420 lasting from the time t4 to the time
t5 may be necessary before the reduction of the frequency of
the graphics controller 205 (shown in FIG. 2) may be
triggered.

Similarly, instead of immediately increasing a frequency
of a graphics controller as soon as a magnitude of the I/O
metric reaches or goes below a down threshold (e.g., the
time period between t6 and t7), a short delay may be
necessary to confirm that the I/O metric may continue to go
below the down threshold long enough to justily the increase
of the frequency of the graphics controller. For example, at
time t6, the I/O metric 430 may start to go below the down
threshold 410 which can indicate that the I/O limited con-
dition may no longer exist. A delay or down timeout 425
lasting from the time t6 to the time t7 may be necessary
before the increase of the frequency of the graphics con-
troller 205 may be triggered. The up timeout 420 and the
down timeout 425 may be used to reduce the potential of
changing the frequency of the graphics controller 205 too
frequently which may impact the performance of the graph-
ics controller 205. For example, if the I/O limited condition
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may exist for only one micro second, 1t may be diflicult to
estimate whether the I/O limited condition may continue, or
it may end.

For some embodiments, when the I/O limited condition
exists and the decrease of the frequency of the graphics
controller 205 1s triggered, the level of decrease of the
frequency of the graphics controller 205 may be determined
based on a current magnitude of the I/O metric. For example,
when the current magnitude of the I/O metric 1s very high
(such as at point 450), the frequency of the graphics con-
troller 205 may be decreased by a large amount. When the
current magnitude of the I/O metric 1s not very high (such as
at point 455), the frequency of the graphics controller 205
may be decreased by a small amount. Similarly, when the
current magnitude of the I/O metric 430 1s very low (such as
at point 460), the frequency of the graphics controller 205
may be increased by a large amount. When the current
magnitude of the I/O metric 1s not very low (such as at point
465), the frequency of the graphics controller 205 may be
increased by a small amount. For some embodiments, the
frequency of the graphics controller 205 may be increased at
most to the base frequency. For some embodiments, the
increase and decrease of the frequency of the graphics
controller 1s based on bins which may be a graphics fre-
quency step sizing.

Turning to FIG. 5, a diagram 500 that includes an example
I/0O metric and timeout periods 1s shown, in accordance with
some embodiments. The diagram 500 may include an I/O
metric 530, an up threshold 505 and a down threshold 510.
Interval 5390 may represent a hysteresis 1nterval associated
with the I/O metric 530 and may be large enough prevent
any potential of getting an mterrupt to cause a change 1n the
frequency of the graphics controller 205 (shown 1n FIG. 2)
too quickly. A timeout period 520 may be set to be a multiple
of the interval 590. In this example, the up threshold 5035
may be associated with a value of 62, and the down
threshold 510 may be associated with a value of 60. When
a magnitude of the I/O metric 530 1s above the up threshold
505 at least for the timeout period 520, an interrupt may be
generated which may cause the frequency of the graphics
controller 205 (shown 1n FIG. 2) to be decreased. When a
magnitude of the I/O metric 530 1s below the down threshold
510 at least for the timeout period 520, an interrupt may be
generated which may cause the frequency of the graphics
controller 205 to be decreased. As shown in FIG. 5, the
timeout period 520 1s met after the time 1ntervals 550, 555,
560 and 565 and their respective interrupts 551, 556, 561
and 566 may be generated alter each of these time intervals.
The timeout period 520 1s not met after the time intervals
570, 575, 580 and 5835 and therefore no interrupt may be
generated.

Turning to FIG. 6, a method 600 of adjusting the fre-
quency of a graphics controller based on an I/O limited
condition 1s shown, 1n accordance with some embodiments.
The method 600 may be associated with a process per-
formed by a graphics system such as the graphics system
200 of FIG. 2. At block 605, the I/O metric may be evaluated
to determine 1ts magnitude at a particular instance. At block
610, a comparison may be performed to determine whether
an I/O limited condition may exist. The comparison may be
based on the magnitude of the I/O metric at the particular
instance and a high or up threshold value (e.g., up threshold
505 shown 1n FIG. 5). As described above, a timeout period
(e.g., imeout period 520 shown in FIG. 5) may be used to
determine when the I/O limited condition may exist.

When the I/O limited condition exists, the process may
flow to block 615 where the frequency of the graphics
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controller may be decreased. The decrease of the frequency
may be based on an amount difference between the up
threshold value and a current magnitude of the I/O metric.
When the difference 1s high, the decrease may be more.
When the difference 1s low, the decrease may be less.
Alternatively, the decrease of the frequency may be per-
formed 1teratively. For example, the frequency may continue
to be decreased i small amounts until the I/O metric
indicates that the I/O limited condition does not exist, or
until there 1s 1mpact on the performance of the graphics
controller. The decrease of the frequency may be based on
the bins (e.g., two bins per decrease) until the I/O metrics 1s
in an acceptable range. From block 615, the process may
continue at block 605.

From the block 610, when the I/O limited condition does
not exists, the process may tlow to block 620 where 1t may
be determined whether a current magnitude of the I/O metric
1s at or lower than a low or down threshold (e.g., down
threshold 510 shown in FIG. 5). From the block 620, i1 the
current magnitude of the I/O metric 1s not at or lower than
the down threshold, the process may flow to block 605.
However, 11 the current magnitude of the I/O metric 1s at or
lower than the down threshold, the process may then flow to
block 625 where the frequency of the graphics controller
may be increased. The increase of the frequency may be
based on a difference between the down threshold and a
current magnitude of the I/O metric. When the diflerence 1s
high, the increase may be more. When the difference 1s low,
the increase may be less. Alternatively, the increase of the
frequency may be performed iteratively. For example, the
frequency may continue to be increased in small amounts
until the current magnitude the I/O metric indicates that 1s in
the acceptable range (e.g., between the up threshold 505 and
the down threshold 510 shown in FIG. §). The increase of
the frequency may be based on the frequency bins (e.g., two
bins per increase) until the I/O metrics 1s 1n an acceptable
range. From the block 625, the process may continue at
block 605.

The method described above may be implemented as a set
of logic 1instructions stored in a machine- or computer-
readable storage medium such as random access memory
(RAM), read only memory (ROM), programmable ROM
(PROM), flash memory, etc., 1n configurable logic such as
programmable logic arrays (PLAs), field-programmable
gate arrays (FPGAs), complex programmable logic devices
(CPLDs), in fixed-functionality logic hardware using circuit
technology such as application-specific integrated circuit
(ASIC), complementary-symmetry metal-oxide-semicon-
ductor (CMOS) or transistor-transistor logic (1TL) technol-
ogy, or any combination thereof. For example, computer
program code to carry out operations shown in the method
may be written 1n any combination of one or more program-
ming languages, including an object oriented programming
language such as C++ or the like and conventional proce-
dural programming languages, such as the “C” program-
ming language or similar programming languages.

In embodiments, the invention may be incorporated into
a personal computer (PC), laptop computer, ultra-laptop
computer, tablet, touch pad, portable computer, handheld
computer, palmtop computer, personal digital assistant
(PDA), cellular telephone, combination cellular telephone/
PDA, television, smart device (e.g., smart phone, smart
tablet or smart television), mobile internet device (MID),
messaging device, data communication device, and so forth.

Example sizes/models/values/ranges may have been
given, although embodiments of the present mmvention are
not limited to the same. As manufacturing techniques (e.g.,
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photolithography) mature over time, it 1s expected that
devices of smaller size could be manufactured. In addition,
well known power/ground connections to itegrated circuit
(IC) chips and other components may or may not be shown
within the figures, for simplicity of illustration and discus-
s10on, and so as not to obscure certain aspects of the embodi-
ments of the invention. Further, arrangements may be shown
in block diagram form in order to avoid obscuring embodi-
ments of the invention, and also in view of the fact that
specifics with respect to implementation of such block
diagram arrangements are highly dependent upon the plat-
form within which the embodiment 1s to be implemented,
1.¢., such specifics should be well within purview of one
skilled 1n the art. Where specific details (e.g., circuits) are set
forth mn order to describe example embodiments of the
invention, it should be apparent to one skilled 1n the art that
embodiments of the mvention can be practiced without, or
with vanation of, these specific details. The description 1s
thus to be regarded as illustrative instead of limiting.

The term “coupled” may be used herein to refer to any
type of relationship, direct or indirect, between the compo-
nents 1 question, and may apply to electrical, mechanical,
fluid, optical, electromagnetic, electromechanical or other
connections. In addition, the terms “first”, “second”, etc.
might be used herein only to facilitate discussion, and carry
no particular temporal or chronological significance unless
otherwise indicated.

Those skilled 1n the art will appreciate from the foregoing
description that the broad techniques of the embodiments of
the present invention can be implemented in a variety of
forms. Therefore, while the embodiments of this invention
have been described in connection with particular examples
thereol, the true scope of the embodiments of the invention
should not be so limited since other modifications waill
become apparent to the skilled practitioner upon a study of
the drawings, specification, and following claims.

I claim:

1. An apparatus comprising:

a first controller:

an 1nput/output (I/0) queue to store 1/0 requests;

an I/O controller to manage the queue;

logic to determine whether an I/O limited condition exists

based on a metric associated with the input/output (1/0)
queue wherein the I/O limited condition 1s to be asso-
ciated with the first controller;

logic to cause a frequency of the first controller to be

decreased if the I/O limited condition exists to enable
a reduction of power consumption by the first controller
after a first condition 1s met; and

logic to cause the frequency of the first controller to be

increased 1f the I/O limited condition does not exist
after a second condition 1s met,

wherein the I/O controller has a frequency that can be

maintained as the frequency of the first controller
varies, and

wherein the first controller 1s to be configured to process

a graphics workload having multiple frames, and
wherein the logic 1s to increase or decrease the Ire-
quency of the first controller independently of a frame
boundary associated with the workload.

2. The apparatus of claim 1, wheremn the I/O limited
condition exists 1f a magnitude of the metric 1s equal to or
greater than a first threshold, and wherein the I/O limited
condition does not exist if the magnitude of the metric 1s
equal to or less than a second threshold.

3. The apparatus of claim 2, wherein the first controller 1s
a graphics controller, the I/O controller 1s a graphics I/O
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controller, the I/O queue 1s to store graphics I/O requests, the
graphics controller 1s to be configured to process a graphics
workload having multiple frames, and wherein the logic 1s
to decrease or increase the frequency of the graphics con-
troller independently of a frame boundary associated with
the frames.

4. The apparatus of claim 3, wherein the logic to cause the
frequency of the graphics controller to be decreased includes
logic to wait for a first time period after determining that the
I/O condition exists, and logic to indicate whether the I/0
limited condition still exists after the first time period.

5. The apparatus of claim 4, wherein the logic to cause the
frequency of the graphics controller to be increased includes
logic to wait for a second time period after determining that
the I/0 condition does not exist, and logic to indicate that the
I/O lmmited condition still does not exist after the second
time period.

6. The apparatus of claim 3, wherein the frequency of the
graphics controller 1s decreased or increased by iteratively
changing the frequency of the graphics controller by a
frequency amount and checking to determine whether the
I/O limited condition exists.

7. The apparatus of claim 6, wherein the frequency
amount corresponds to a frequency bin.

8. The apparatus of claim 5, wherein the frequency of the
graphics controller 1s decreased or increased based on a
difference between a current magnitude of the metric and a
respective first threshold or second threshold.

9. The apparatus of claim 8, wherein the frequency of the
graphics controller 1s decreased or increased by a first
amount when the difference between the current magnitude
of the metric and the respective first threshold or second
threshold 1s relatively large and by a second amount when
the diflerence between the current magnitude of the metric
and the respective first threshold or second threshold is
relatively small, wherein the first amount 1s to be greater
than the second amount.

10. A computer-implemented method comprising:

determining a metric associated with an imput/output (I/0)

queue that 1s associated with a first controller, wherein
the input/output queue 1s managed by an 1/0O controller,
and wherein a magnitude of the metric 1s high 1f the I/O
queue 1s full and low 1f the I/O queue 1s not tull;

decreasing a frequency of the first controller if the I/O

queue 1s full and a first condition 1s met; and
increasing a frequency of the first controller if the I/O
queue 1s not full and a second condition 1s met,

wherein the decreasing and increasing of the frequency of
the first controller 1s performed independently of a
frame boundary associated with frames of a graphical
workload.

11. The method of claim 10, wherein the first controller 1s
a graphics controller, and the I/O controller 1s a graphics 1/0
controller, further including:

decreasing a frequency of the first controller when the

magnitude of the metric 1s at or greater than a first
threshold; and

increasing the frequency of the first controller when the

magnitude of the metric 1s at or less than a second
threshold, wherein the second threshold 1s associated
with a value less than a value associated with the first
threshold,

wherein the decreasing and increasing of the frequency of

the graphics controller 1s performed independently of a
frame boundary associated with frames to be processed
by the graphics controller.
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12. The method of claim 11, wherein the decreasing the
frequency of the graphics controller 1s performed based on
the magnitude of the metric continuing to be at or greater
than the first threshold after a first time period.

13. The method of claim 12, wherein the increasing the
frequency of the graphics controller 1s performed based on
the magnitude of the metric continuing to be at or less than
the second threshold after a second time period.

14. The method of claim 13, wherein the decreasing or
increasing the frequency of the graphics controller 1s per-
formed 1teratively based on changing the frequency of the
graphics controller and comparing the magnitude of the
metric with the respective first threshold or second thresh-
old.

15. The method of claim 14, wherein the frequency of the
graphics controller 1s decreased or increased based on a
frequency bin.

16. The method of claim 13, wherein the frequency of the
graphics controller 1s decreased or increased based on the
magnitude of the metric relative to the respective first
threshold or second threshold.

17. A system comprising:

a Processor;

an external power supply coupled to the processor;

a first controller coupled to the processor; and

logic to determine whether an I/0O limited condition exists

based on a metric associated with an input/output (I/O)
queue managed by an I/O controller, wherein the 1/O
limited condition i1s to be associated with the first
controller; and

logic to decrease a frequency of the first controller 1f an

input/output (I/0) limited condition exists and a first
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condition 1s met, and to increase the frequency it the
I/O limited condition does not exist and a second
condition 1S met,

wherein the first controller 1s to be configured to process

a graphics workload having multiple frames, wherein
the logic 1s to increase or decrease the frequency of the
first controller independently of a frame boundary
associated with the workload.

18. The system of claim 17, wherein the I/O limited
condition exists 1f a magmitude of a metric associated with
the I/O queue that 1s managed by the I/O controller 1s at or
greater than a first threshold, and wherein the I/O limited
condition does not exist when the magnitude of the metric 1s
at or less than a second threshold, and

wherein the frequency of the first controller 1s decreased

based on the I/O limited condition continuing to exist
after a first time period, and wherein the frequency of
the first controller 1s increased based on the I/O limited
condition continuing not to exist after a second time
period.

19. The system of claim 18, wherein the first controller 1s
a graphics controller and the I/O controller 1s a graphics 1/0
controller, wherein the graphics controller 1s configured to
operate at the decreased or increased frequency indepen-
dently of a frame boundary associated with frames to be
processed by the graphics controller.

20. The system of claim 19, wherein the frequency of the
graphics controller 1s decreased or increased by iteratively
changing the frequency of the graphics controller and check-
ing to determine whether the I/O limited condition exists.
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